In previous research a new type of greenhouse with an integrated concentrated photovoltaic system (CPV) was developed based on a circular covering geometry and an integrated filter for reflecting the near infrared radiation (NIR) of the greenhouse and exploiting this radiation in a solar energy system. The performance of the system was promising. In this study further optimalisation of the CPV system is made to avoid the large construction for solar tracing and the high investment. Hereto all parts for the solar concentrating system will be integrated into the greenhouse. The NIRreflector material is carried out as a NIR-reflective lamellae system and the CPVmodule is mounted into the ridge. In this paper the results of the optimization process of the CPV system based on NIR reflecting lamellae is presented. The optimization process is based on a maximal total annual electricity production and is performed with a ray tracing model and actual radiation data. Results show that the optimization of the lamellae greenhouse can be seen from a theoretical and a practical point of view. Theoretically, the number of lamellae for the investigated concept must be high (>100) and focus with a generic focal length of 3.5 m and glazing bars must be avoided. Then the maximal annual electricity output can be over 26 kWh/m². In practice, mechanical restrictions, plant conditions and costs will determine the implementation. The proposed CPV-system has positive side-effects like reducing the heat load (and the need for cooling) during summer and blocking of the direct radiation which can be harmful for some crops. With this, the feasibility of the system depends greatly on local conditions which require a tailor-made economic analysis.
INTRODUCTION
In previous research a new type of greenhouse with an integrated concentrated photovoltaic system (CPV) was developed (Sonneveld et al., 2008 (Sonneveld et al., , 2010a . This greenhouse has a spectral selective filter for reflecting the near infrared radiation (NIR) to a CPV-module and exploiting this radiation in a solar energy system. In the first concept a circular geometry of the greenhouse covering was integrated into the greenhouse construction. With this method the solar tracking could made simpler because only photovoltaic module (PV-module) has to be moved into the focal point. This type of greenhouse is in principle suitable for all crops, while the Fresnel greenhouse (Tripanagnostopoulos et al., 2004 ) is especially suitable for pot plant (typical shadow plants). During research in 2008 and 2009 (Sonneveld et al., 2010a some bottlenecks of this concept were found. The most important bottlenecks were: high costs of the system due to the large construction of the tracking system, non-optimal collimation for all angles of incidence and power losses due to shadow bands on the PV-module. Some changes in the concept were made to avoid these bottlenecks. In the proposed concept the PV-module is integrated in the ridge of the greenhouse and rotating lamellae, coated with a NIR-filter, will reflect the NIR radiation to the PV-module. In this paper the optimization process of the optics for a lamellae greenhouse is presented. The optimizations are based on maximizing the total annual electricity production and were done with a ray tracing model and actual radiation data. In Figure 1 the working principle of the new concept is shown.
MATERIALS AND METHODS

Ray Tracing Model
The ray tracing simulations are performed with a ray tracing model developed by Wageningen UR Greenhouse Horticulture (Swinkels, 1999) . This model is especially suitable for simulations of large (infinite) objects like greenhouses. For this purpose the object's geometry is translated into a collection of surfaces in a 3D environment. Direct solar radiation is represented by a large number of parallel rays which are individually traced from the source through the object to the target. The target can be the ground surface (for transmittance calculations) or a PV-cell for electricity production calculations. The interaction of a ray with the object is based on optical laws. In this way refraction, absorption and transmittance of the light are taken into account which makes ray tracing a realistic simulation method (see Fig. 2 ). A very useful feature of the model is the ability to regard an object as being infinite in the horizontal plane. In this way only the smallest repetitive element has to be modeled which makes the model very suitable for simulation of greenhouse optics.
Annual Electricity Production
The concentration efficiency of the system is the total radiation which hits the PV side of the PV-module as a fraction of the total incoming direct NIR radiation per greenhouse area unit. The momentary concentration efficiency is related to the solar position at a specific time. The resulting electrical power produced by the PV-cells depends on the momentary NIR radiation. This is assumed to be 50% of the global radiation. For calculating the annual electricity production (kWh per m 2 greenhouse per year) all occurring direct NIR radiations and corresponding concentration efficiencies have to taken into account. With ray tracing the concentration efficiency of the system is calculated for every minute of the solar position and stored in a table first. In this way the hourly radiation multiplied by the corresponding concentration efficiency and the PV efficiency gives the momentary electrical power which can be integrated into an annual yield. The results in this paper are based on averaged hourly data of direct radiation, measured in Wageningen the Netherlands during 2007 , 2008 and 2009 (Sonneveld et al., 2008 , 2010b . Besides NIR, the lamellae will also reflect a significant part of the UV and visible radiation (UV-VIS). Dependent on type the PV-cells can significantly affect the total electrical output but this is not considered in this paper.
Shadowing
Shading of the PV-module can result in a strong decrease of power output of the PV-module (Sonneveld et al., 2010b) . Shading is caused by the light-blocking effect of glazing bars and the absence of lamellae surface just under the glazing bars (necessary space for assembly and rotation of the lamella). The influence of the glazing bars is dual: the incoming as well as the reflected radiation will be blocked. In Figure 3 an example of shading on the PV-module is shown. The extent of power loss depends on the width of a single PV-cell. If the shadow covers the complete cell the electrical power will drop dramatically and with this the power of the complete whole PV-module as the cells are serially connected. Therefore, a module with small cells will be much more vulnerable for shading than a model with bigger cells.
Optimization Approach
The target for optimization is to maximize the annual electricity production of the system. Therefore a large number of parameters (material properties, greenhouse dimensions) should be taken into account. In Table 1 , an overview of the basic system dimensions is presented. Because of mechanical restrictions, plant conditions and costs the number of parameters is restricted. Moreover, taken into account all parameters would cause high computational time and costs. Therefore a limited number of optimized parameters are chosen: a) Number and width of the lamellae, b) Lamella type (flat, trough), c) Influence of tolerances, d) Roof slope.
Furthermore the following assumptions are made: The absorbance of PV-cells is 100% and angular dependent efficiency is not taken into account. Ridge, gutter and glazing bars are 100% absorbent. Lamellae do not overlap each other and are able to rotate through 360°.
RESULTS
Flat Lamellae
Flat lamellae will not focus the incoming radiation individually. Therefore the width of the PV-module must be at least equal to the lamella width. Using only a few lamellae will result in a high lamellae width and as a consequence a high module width will block the incoming radiation partially. In Figure 4 the average annual concentration efficiency in relation to the lamellae count is presented. The figure shows an asymptotic increase in efficiency due to the decreasing module width. Shading of the PV-module is caused by the glazing bars and the absence of lamellae surface just under the glazing bars (necessary space for assembly and rotation of the lamella). The influence of the glazing bars is dual, the incoming radiation as well as the reflected radiation will be blocked, especially at low elevations. In order to determine the effect of shading on the PV-module the performance of the system without glazing bars and continuous lamellae is calculated. In Table 2 the performance of the system with 17 flat, 193 cm wide lamellae is presented. It is clear that shading on the PV-module reduces the yearly electricity production strongly: up to 34% for PV-cells of 10 mm width. Therefore, shading is a serious problem and must be looked at carefully when designing the optics and PV-module.
Focusing Lamellae
Using circular trough shaped lamellae is a way to focus the reflected light per lamella and limit the area of (expensive) PV cells. An advantage of a trough shape is that the focus will not be affected by incidence in length direction other than perpendicular. Compared to a parabolic trough a circular trough has another advantage: at offperpendicular angles of incidence in width direction the focus will stay intact to some extent (Swinkels et al., 2007) . A disadvantage however is a shorter focal length. The focal length of the lamellae is a parameter to optimize and as every lamella is located at specific distance from the PV-module the optimal focal length should be determined for each individual lamella. However, choosing a generic focal length is more realistic considering manufacturing issues. In Figure 5 the yearly average concentration efficiency in relation to the generic focal length is shown. An optimal generic focal length of about 3.5 m is found. In Table 3 the performance of the system with 17 flat, 193 cm wide not shaded lamellae with a generic focus of 3.5 m is presented. Compared to flat lamellae the performance slightly improves while reducing the PV-cell area significant, in this case with a factor 2. This will increase the overall concentration factor with the same value.
Concentrating Efficiency
As mentioned before the total number of lamellae will influence the concentration efficiency. However an influence of the elevation angle of the incoming solar radiation was found. In Figure 6 the results are given at every day of the year. Here it can be show that the effect of the number lamellae is increased in the colder seasons, when the elevation angle of the incoming solar radiation is lower. In that case the intercept surface of the lamellae will be increased and therefore the efficiency is increased. The concentration efficiency is also determined for the four seasons and given in Figure 7 ; however the elevations in spring and autumn are equal. For the annual electricity yield the influence of the roof slope is determined for four different sizes of the PV-Cells. In the line "bruto" the effect of shadow stripes is not taken into account. These results are given in Figure 8 . From this figure an optimal slope of about 30° in practice can be identified for Dutch climate situations.
CONCLUSIONS
With a newly developed greenhouse concept which has an integrated concentrated photovoltaic system (CPV) with integrated filter for reflecting NIR and exploiting this radiation is promising. The concept investigated is a greenhouse with asymmetric cover (30° and 60° roof slope), a span width of 4 m and 80 × 40 mm glazing bars every 1.225 m and a high transparent glass covering material.
The optimization of this concept can be seen from a theoretical and a practical point of view. Theoretically, the number of lamellae must be high (>100) and should be circular trough shaped with a generic focal length of 3.5 m. Glazing bars must be avoided to prevent shading. Then the maximal annual electricity output can be over 26 kWh/m². With the reflectance of the visible radiation taken into account this value could double. In practice, mechanical restrictions, plant conditions and costs will determine the implementation. However, the CPV-system has some promising side-effects like reducing the heat load (and the need for cooling) during summer and blocking the direct radiation which can be harmful for some crops. With this, the feasibility of the system depends greatly on local conditions which require a tailor-made economic analysis. summer Fig. 7 . Efficiency of the concentrator at winter, spring and summer during one day (▬ 11 lamellae, ▬ 17 lamellae and ▬ 65 lamellae). Fig. 8 . Annual electricity yield in relation to the roof slope for four different sizes of the PV-Cells. In the line "bruto" the effect of shadow stripes is not taken into account.
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